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Abstract 
Well log data, which are measured in depth, provide detailed information only in the vicinity of the boreholes, 
while surface seismic data, which are measured in units of time, can reveal important structural and stratigraphic 
changes beyond well locations.  Integrating seismic with well data provides a much more extensive understanding of 
the subsurface and is key for modelling and developing a subsurface reservoir.  Therefore, developing a good 
velocity model that converts seismic data from the time domain to the depth domain provides an effective means to 
integrate data from the two domains, depth and time.  This study examines the value of additional well and seismic 
data acquired over the course of four years, and the respective merits of updated velocity models. 
The Illinois Basin – Decatur Project (IBDP), is a demonstration project funded by the US Department of Energy, 
and involves injection of CO2 into a highly porous, deep sandstone reservoir several kilometres below the surface.    
Four velocity models have been created to support a carbon dioxide (CO2) geological storage project located at the 
Archer Daniels Midland Company (ADM) in Decatur, Illinois, USA.  Predicted formation depths from the different 
velocity models for subsequently drilled wells will be compared. 
As the CO2 storage project has matured and new data have become available, velocity models have been 
developed representing the years: 2010, 2011, 2012, and 2013. The models enabled depth predictions of geologic 
strata in subsequently drilled wells in late 2010 and in 2012.  The 2012 model integrated the measurements from 
three wells and two seismic surveys to update the reservoir model.  In 2013, a thorough study comparing well and  
seismic data identified weaknesses in some measurements, for example, the 3D surface seismic data was negatively 
influenced by inter-bed multiple reflection events and indicated the need for seismic reprocessing of the 3D data.  
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The evolution of the velocity models has been driven by the progressive availability of new data. Because 
uncertainty in velocity models occur away from wells used for calibration, velocity model updates with newly 
acquired data will continue to be beneficial given the demands for accurate estimation of structure and properties in 
the spaces between wells. 
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1. Introduction 
Studying the viability to store a large volume of carbon dioxide (CO2) deep in a sandstone reservoir in Decatur, 
Illinois, USA, over several years is the objective of the Illinois Basin – Decatur Project (IBDP). The Illinois State 
Geological Survey is leading the project, partnered with Archer Daniels Midland Company (ADM) and 
Schlumberger Carbon Services.  
Carbon dioxide (CO2) stored at the IBDP project is derived from the ADM corn processing plant, which produces 
ethanol for fuel additives, a process that produces a pure stream of food-grade CO2. The compressed and 
dehydrated, dense-phase CO2 is injected into a deep saline reservoir approximately 2,130 meters (7,000 feet) below 
the surface. The three-year injection period into well CCS1 (Figure 1) will be completed in late 2014 after injecting 
1 million metric tons of CO2.  Two wells were drilled for monitoring and sampling purposes at IBDP: VW1 and 
VW2. A future injection well is planned at the CCS2 location. The resulting CO2 subsurface plume is continuously 
monitored during the injection period and will be monitored for a minimum of three years after injection has ceased.  
The IBDP project is one of several projects supported by the Midwest Geological Sequestration Consortium 
(MGSC). The MGSC is one of seven national research partnerships working on methods for capturing CO2 created 
in energy production and industrial processes and safely storing it deep underground in natural geological 
formations. The United States Department of Energy’s National Energy Technology Laboratory funds the MGSC 
through the Regional Carbon Sequestration Partnership in order to: (1) determine the best approaches for storing 
CO2 in deep geologic formations, (2) identify and establish the most suitable technologies, regulations, and 
infrastructure for carbon capture, utilization, and storage (CCUS), and (3) determine which of the CCUS approaches 
are best suited for specific regions of the country.  
2. Geology 
The Precambrian basement rocks at the IBDP are composed of relatively unaltered granodiorite and granite and 
overlain by a thin veneer of a highly altered, clay-rich porphyritic rhyolite [1]. In this area, there is a thin pre-Mt. 
Simon depositional unit unconformably overlying the Precambrian basement [1]. It is recognized on geophysical 
logs by its low porosity relative to the overlying lower Mt. Simon and vertical trace fossil burrows identified within 
core. This pre-Mt. Simon sandstone has not been identified elsewhere in the Illinois Basin. 
Overlying the pre-Mt. Simon, the Mt. Simon Sandstone (Figure 2) is a succession of gently dipping to horizontal 
Cambrian sandstones, conglomerates, siltstones, and mudstones 457 m (1,500 ft) thick. It is considered the lower 
part of one of the major depositional successions within the North American mid-continent referred to as the Sauk 
Sequence [2]. The lower Mt. Simon Sandstone is the target CO2 sequestration interval and consists dominantly of 
fine- to coarse-grained arkosic sandstones and granule to pebble conglomerates that have excellent reservoir 
properties [1]. Sandstones and conglomerates of the lower Mt. Simon Sandstone are interpreted to have formed 
predominantly in a braided river system that transitions upward into an eolian depositional environment [1, 3]. The 
conglomerates near the base of the Mt. Simon Sandstone were deposited in a distal alluvial fan sourced from 
numerous nearby Precambrian paleo-topographic high areas [3]. Moderate secondary porosity results from the 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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dissolution of abundant potassium feldspars. Primary porosity is largely preserved as a result of the alteration of 
feldspars to clay minerals that coat grains, inhibiting the precipitation of quartz cements [1]. 
The lower Mt. Simon interval is overlain by the middle Mt. Simon Sandstone interval which has significantly 
lower porosities and permeabilities. The middle Mt. Simon consists of eolian quartz arenite deposits that are 
compacted and well-cemented with quartz [1].  Because of the poor reservoir properties, the middle Mt. Simon 
Sandstone interval is predicted to impede the upward movement of a CO2 plume. 
The primary seal for the Mt. Simon Sandstone is the overlying Eau Claire Formation. The lower portion of the 
Eau Claire is primarily a siltstone to shale that grades upward into mixed carbonates and siliciclastics. It is 
approximately 96 m (315 ft) thick with a dominant shale facies 61 m (200 ft) approximately 12 m (40 ft) above the 
upper Mt. Simon. The upper portion of the Eau Claire is approximately 53 m (175 ft) thick and consists of dense 
carbonates.     
3. Seismic Data Background 
The reflection seismic method entails the use of controlled sources to generate acoustic energy that travels 
downward through the earth, reflects off geologic strata, and is recorded at the surface using sensitive receivers 
(geophones, or hydrophones in a marine setting). The natural domain of seismic data is reflection time, or the time 
between initiation of the energy at the source and arrival of the reflected energy at the geophones. This is often 
referred to as “two-way time” (TWT) because of the downgoing and upgoing travel path of the acoustic energy. 
Vertical slices of reflection seismic data yield profiles which resemble geologic cross sections that have two-way 
time rather than depth as the vertical axis.  Typically, seismic reflections return within a few seconds, and in the 
IBDP project area the reflections mostly occur within one second.  These reflections provide valuable information 
for how the structure and stratigraphy vary away from the borehole.   
While it is common for seismic data to be analysed and interpreted in the time domain, some applications use 
seismic data for development of geologic and reservoir models, and require transformation of the data to the depth 
domain.  This transformation from time to depth is accomplished using velocities representative of those at which 
seismic energy travels through the earth. Seismic velocities in the earth may be estimated using specialized logging 
measurements in boreholes, e.g. checkshots and vertical seismic profiles (VSP). These borehole seismic surveys 
employ geophones that are placed in the borehole and seismic sources that are located at the ground surface.   
Velocity versus depth functions defined from borehole data are typically used to calibrate the velocities that can be 
applied over the extended area.  The velocity models should be developed, if possible, through the integration of 
borehole measurements and other sources of velocity data, such as analyses of surface seismic data.  
Velocity models may be simple or complex, and may be 2-dimensional or 3-dimensional depending on the 
specific applications. The velocity model developed for use at IBDP is a complex 3-dimensional model extending 
from near ground surface to the pre-Cambrian formation and with aerial extent covering the 3D seismic dataset.   
4. Velocity Models   
As is often the case in subsurface characterization efforts, the IBDP subsurface dataset evolved with time (Figure 
3). Not only did the borehole data available for velocity model construction increase and improve as the project 
progressed, but the 3D seismic dataset itself (which required depth conversion), also increased in aerial extent. 
Furthermore, redundancy of data achieved over time supports additional analyses which revealed data issues not 
evident at early stages of the project.  Table 1 summarizes the IBDP subsurface data acquisition campaign, and 
Table 2 shows the evolution of four velocity models that have improved over time with the sequence of data 
acquisition. 
Differences between the depths of converted Base of Mt. Simon surfaces using Model 4 (2013) versus Model 2 
(2011) are generally less than +/- 15 meters (50 feet). Differences between the depth converted Base of Mt. Simon 
surfaces using Model 3 (2012) versus Model 4 (2013) were within 30 meters (100 feet.) interval.  The percent 
change in depth when compared to the total depth for the Base Mt. Simon is generally within 1%, which is well 
below the error of up to 5% often observed for surface seismic data.  
 Dianna Shelander et al. /  Energy Procedia  63 ( 2014 )  4374 – 4384 4377
The predicted depths for the Mt. Simon base in the deep monitoring well Verification Well #2 (VW2) represent 
only 0.4% and 0.1% error as compared to the actual depth of 2,141 meters (7,025 feet).  These were 8 meters (27 
feet) too high by Model 1, and only 2.6 meters (8.5 feet) too low by Model 2. 
5. Construction of the 2013 Velocity Model  
The main steps in the velocity modeling workflow used at IBDP are:   
 
x Sonic Data Quality Control 
x Seismic-Well Tie 
x Seismic Horizon Interpretation 
x 3D Velocity Model Construction 
x Time-Depth Conversion of Seismic Data 
 
The development of Model 4 will be presented in detail below because it represents the best case to-date in terms 
of input data and methodology. 
5.1.  Available data 
Key datasets used in the IBDP velocity modelling process are: 
 
Surface Seismic Data: The high resolution seismic data was acquired in 2010 using a  point-receiver land seismic 
system, then in 2011 additional seismic expanded the area and merged with the original surface seismic.  The 
acquisition technique used point receiver geophones.  Data were recorded to 4 seconds TWT.  The Base of the Mt. 
Simon lies at approximately 1.5seconds TWT. 
Well Log Data: A full suite of logs, including gamma ray, density, and sonic, is available for the three wells, the 
injection well CCS1 and two monitoring wells VW1 and VW2.  Overlaying the sonic logs from the wells shows 
very little change (Fig. 5) indicating the lithology is consistent across the area particularly for the vertical resolution, 
(9 to 18 meters, or 30 to 60 feet) which seismic data typically allows.  Sonic and density logs are combined to create 
AI logs, which in turn are used to tie and analyse the seismic data with the well data.   
Well Checkshot Data: A checkshot survey entails initiating seismic energy from a controlled acoustic source at 
the well head and recording the arrival time at numerous measured depths throughout the geologic section.  This 
provides a direct time-depth profile at the well from which a vertical profile of seismic velocities may be computed.  
Checkshot integration is a very important component of the velocity model workflow.  Checkshot surveys were 
acquired in wells CCS1 and VW2. 
5.2.  Sonic Data Quality Control and Seismic-Well Tie 
A QC step used for the data involved comparing the sonic logs with the checkshot surveys.  Checkshot data, 
converted to interval velocity logs, were compared to the sonic logs (Figure 4).  The checkshot from well VW2 
mirror the sonic data extremely well, however the match for CCS1 checkshot is not good in some zones, particularly 
between 518 and 1,280 meters (1,700 and 4,200 feet).  Due to these irregularities, only the VW2 checkshot was used 
in Model 4 to calibrate the AI logs.    
A crucial step in tying the well data to the seismic data is the synthetic tie analysis from well data (Figure 5).  For 
synthetic seismograms, reflection amplitudes are predicted by the amount of change in AI measured between the 
strata in the subsurface.  The synthetic tie to the surface seismic data also provides important information about the 
phase and frequency content of the seismic data.  The roughly 90 degree wavelets were very consistent between the 
three wells showing good stability in data.  With this information the surface seismic data is inverted to AI, Vp/Vs, 
and density volumes.  
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5.3.       Seismic Horizon Interpretation 
A horizon framework was created to represent layers of different geologic strata of the total rock volume. 
Velocity information calibrated by the well data was extrapolated along the layers into the space beyond well 
locations for time-depth conversion of 3D surface seismic data.  Horizons, interpreted in TWT, were chosen where 
(1) changes in velocity profiles were observed on the sonic logs, typically where significant lithologic changes 
occur, and (2) mappable seismic reflections from subsurface strata occur across the surface seismic data volume  
(Figure 6).   
5.4. Three-D Velocity Model Construction 
A “layer cake” velocity model was deemed suitable for IBDP since velocity profiles for the different formations 
remain relatively consistent over the area of the study.  The velocity profiles were distributed laterally and uniformly 
within each model layer defined by horizon surfaces of the distinct velocity layers.  The velocities for the layers 
were initially populated by time-depth information from the well tie analyses.  Refinement of the velocities was 
controlled by approximating the velocity character of the layers indicated by the sonic log data.  As a quality control 
step, velocity profiles were extracted from the model at each well location and overlain the interval velocities from 
the sonic logs (Figure 7).  
6. Time-Depth Conversion of Seismic Data and Interpretation Products 
The velocity model may be used to convert any elements within its spatial domain between time and depth in the 
vertical axis.  The most common practice is to interpret the seismic data (i.e. structure and stratigraphy) in the time 
domain (TWT) and then convert the interpreted elements, such as horizons and faults, to depth using the velocity 
model.  Useful seismic inversion derivatives such as AI, compressional and shear velocity, density, porosity 
estimation, etc. are typically performed in the time domain and may be used as co-variables in 3D interpolation of 
petrophysical or mechanical properties.  The depth converted elements then form the framework for models used in 
geological, geomechanical [4] or flow simulation applications.  
At IBDP, the AI volume in the time domain 3D seismic data was converted to porosity using an appropriate rock 
physics transform and converted to the depth domain.  The converted “porosity cube” and well log porosities were 
used as co-variants in a geostatistical interpolation for a geocellular model, which was ultimately used for in a 
reservoir simulation study.  Similarly, seismic inversion derived in the time domain resulted in 3D volumes of 
compressional and shear velocity and density. These volumes were used to compute 3D volumes of rock mechanical 
properties which were converted to depth for correlation with, and interpolation of, well log based mechanical 
property estimates.   
The current IBDP reservoir flow simulations use Model 4, which was expanded beyond the area of seismic 
coverage in order to limit the effects that boundary conditions would have on simulated pressures associated with 
the CO2 injection.  Thus, this model was extrapolated to an area of 15 x 15 miles using a regional dip of 5 degrees 
where surface seismic horizons were not available.  A static geomodel was prepared with seismic data guided 
petrophysical modeling, describing both porosity and permeability divided into zones.  Each zone has been further 
layered to capture vertical heterogeneity.  The static model also includes a structural framework extending up to 
ground level for use in geomechanical modelling, and downward into a shallow portion of the Precambrian 
basement to aid the visualization of microseismic events below the reservoir [5].  
7. Conclusion  
The historical review of the velocity models at IBDP highlights a number of key aspects.  
Tight integration of data from well log analysis, seismic data processing, seismic interpretation, and 3D modeling 
are required for workflows to generate accurate velocity models.  These provide important framework for 
geocellular models used in geological, geomechanical [4], and flow simulation applications that allow crucial 
planning for CO2 sequestration project developments.    
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Multiple iterations of the evolving dataset required for the modelling processes demonstrated a high degree of 
process repeatability.  Observed changes in depths from the succession of models at the Base of the Mt. Simon level 
were generally less than 1% change in total depth (~2,134 meters, or 7,000 feet, TVD). 
Data redundancy allowed discrimination of data problems at later stages of the project as new data were acquired.  
Double-checking the sonic logs versus the checkshots revealed that inaccuracies occur in the CCS1 checkshot.   
Quality control procedures of integrated, multi-domain data are very important.  Using additional control from 
newly available data is always a benefit to the accuracy of the models.     
Assessing data to determine if there is a need for application of advanced data pre-conditioning is critical.  
Recognizing and removing interbed multiple contamination in the surface seismic data lead to improvement in the 
quality of the surface seismic data. 
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   Table 1. IBDP subsurface data history. 
Date Data 
2007 Regional geophysical data (i.e. from far offset wells) 
October 2007 Two 2-dimensional (2D) seismic profiles (IA17 and IA 27) 
February 2009 Open hole logging in injection well (CCS1) 
April 2009 Core of Eau Claire, Mt. Simon Sandstone and basement in CCS1 
December 2009 – January 2010 Four high resolution 2D seismic profiles (Line 101, 201, 301, and 401) 
January 2010 High resolution 3-dimensional (3D) surface seismic survey 
September 2010 Open hole logs in Verification Well #1 (VW1) 
September 2010 Additional core of Mt. Simon Sandstone and basement in VW1 
January 2011 High resolution 3D surface seismic survey over larger area 
November 2012 Open hole logs in IL-ICCS Verification Well #2 (VW2) 
November 2012 Additional core of Mt. Simon Sandstone and basement in VW2 
 
 
 
 
 
   Table 2. History of IBDP velocity models. 
 Prepared 
Well with 
sonic & 
density logs 
used 
Well with 
checkshot 
data used 
Application 
Model 1 August  2010 CCS1 CCS1 
Converted the first 3D surface seismic survey to depth 
and did not extend as far to the north and east as the 
later models that used the larger 2011 seismic survey  
Model 2 April  2011 CCS1,  VW1 CCS1 
Used to depth convert the larger 2011 3D seismic survey  
Model 3 July  2012 CCS1, VW1,  VW2 CCS1 
Used new VW2 data to depth convert the larger 3D 
surface seismic survey 
Model 4 August  2013 
CCS1,  VW1,  
VW2 VW2 
Used only the VW2 checkshot since the checkshot in 
CCS1 showed irregularities. Furthermore the expanded 
3D seismic data had been reprocessed to attenuate 
Interbed Multiples that were occurring in the seismic 
data. 
CCS1 - IBDP injection well,  VW1 - Verification Well #1,  VW2 - Verification Well #2 
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Figure 1 - Satellite image showing locations of wells used in the study: injection well, CCS1, and two deep monitoring wells, VW1 and VW2. 
 
 
    
Figure 2 - Cambrian and Ordovician stratigraphy of the Illinois Basin and an Illinois Basin map.  IBDP (and related ICCS) project sites are 
located  in Decatur, Illinois.  The Illinois Basin underlies Illinois and part of Indiana and Kentucky. 
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Figure 3 – Base of Mt. Simon surface maps from four velocity models.  This basal topography may affect how the CO2 plume migrates.  The 
evolution and improvement is shown as additional seismic and well data are available and models are updated.  Blue well locations indicate 
where well information was available at the time of the model development, while red well locations indicate where no information was 
available.  Depths are in feet with respect to mean sea level, contour intervals are 6 meters (20 feet). 
Model 2 Model 1 
Model 4 Model 3 
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Figure 4 - Sonic logs overlain (left) show very consistent profiles, and checkshots (right) should mirror the deflections of the sonic logs The 
CCS1 (yellow) checkshot deviates from one that is expected, indicating inaccuracies.  Depths are with respect to the Kelly Bushing. 
 
  
 
Figure 5 - Seismic synthetic (CCS1 example).  Track 1 contains the computed AI (blue) log from the density (pink) and sonic (red). AI is 9,000 - 
90,000 gm.ft/cc.s, Density is 1.5 – 3.0 gm/cc, Sonic is 240 – 40 microsec./ft. Track 2 contains time-depth nodes and velocity log; Velocity is 
8,000 - 23,000 ft/s.  Track 3 contain reflection coefficients computed from the AI log.  Track 4 is the surface seismic before multiple removal.  
Track 5 is the synthetic seismogram calculated from the reflection coefficients. Track 6 is the surface seismic data after multiple noise removal.   
Note the differences between the synthetic and the surface seismic data particularly between roughly 600 and 1,000ms. This is largely due to 
inter-bed multiple contamination in the surface seismic data. 
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Figure 6 - Three-D image of surfaces used in the 2013 velocity model.  Z-axis is TWT (ms). 
 
 
 
Figure 7 - Well log cross section of three wells.  Track 1 is a gamma ray (GR) log.  Track 2 is depth in feet (TVD).  Track 3 shows the overlay of 
the velocity models with the inverted sonic (interval velocity) log. 
